that many spines exhibited progressive reduction in the
Introduction after LTD Induction
To image dendritic spines, CA1 pyramidal cells were Dendritic spines are major sites of excitatory synaptic filled with an inert fluorescent dye, calcein, through the transmission in the central nervous system (Harris, 1999;  whole-cell recording pipette ( Figure 1A BAPTA (see Experimental Procedures). About 60%-1997). In mammals, dendritic spines begin to increase 70% of the spines in the image field were activated by in density during the first week after birth and reach the the local stimulation (n ϭ 8 neurons). Furthermore, this peak in the third week, which corresponds roughly to local rise in Ca 2ϩ in the spine can be induced by subthe peak of synaptogenesis (White et al., 1997; Harris, threshold stimulation and is mediated by Ca 2ϩ influx 1999; Nimchinsky et al., 2002). There is evidence for a through NMDA receptors, as it was abolished by the subsequent pruning of spines before attaining the ma-NMDA blocker APV (50 M, data not shown). ture spine density several months after birth (Wise et Two-photon laser scanning microscopy was used to al., 1979), a process that may be related to activityexamine the same population of spines repeatedly bedependent developmental refinement of synaptic confore and after low-frequency stimulation (LFS, 1 Hz for nections.
15 min) that induced LTD (see Figure 2A ). In the absence Activity-induced persistent synaptic modifications of LFS, dendritic spines exhibited stable morphology may involve alterations in both the functional efficacy over a period of 1-2 hr, and only a small portion of them had long-lasting changes in their shapes ( Figure 1C) . Imaging of the same set of dendritic spines showed *Correspondence: mpoo@uclink.berkeley.edu 1 These authors contributed equally to this work.
that many spines exhibited progressive reduction in the To quantify the extent of spine shrinkage, we measuggesting that the observed spine shrinkage was a local effect of stimulation. The absence of changes in sured the diameter of the spine head. The percentage changes of the spine diameter reached a value of the "no stimulation" and "far stimulation" conditions indicates that the reduction in spine size after LFS was 69.6% Ϯ 1.8% at 45 min after LFS ( Figure 2B ). Further analysis indicated that spine shrinkage, defined not caused by any deleterious effect of two-photon imaging or the whole-cell recording procedure. Finally, we as Ͼ10% reduction and lasting for at least 30 min in the spine head diameter (see Experimental Procedures), found that the average reduction in the EPSP slope and in the spine size are correlated for a given neuron (n ϭ was observed in about 75% of the all spines examined (n ϭ 18 neurons, 7 to 26 spines/neuron, total of 272 15 neurons, Figure 2E ). Together with the local nature of the stimulation and spine shrinkage, this correlation spines), while 21% showed shrinkage over the same period of time in the absence of LFS (n ϭ 10 neurons, supports the notion that the EPSPs recorded were at least partially contributed by activated synapses on the 9 to 22 spines/neuron, total of 126 spines, see also Figure 4E ). In addition, we found that 6.2% of spines imaged spines. in the LFS data set showed shortening by Ͼ50%, as compared to 3.2% in the "no stimulation" data set. The observations that loading the cofilin peptide induced a small amount of spine shrinkage in the absence (e.g., Slingshot), thus preventing the conversion of endogenous p-cofilin into cofilin and spine shrinkage.
of LFS but did not enhance LFS-induced spine shrinkage suggest that the shrinkage process mediated by endogWhen hippocampal pyramidal cells were loaded with p-cofilin peptide through the whole-cell recording pienous cofilin may have been saturated by the 15 min long LFS. If this was the case, the cofilin peptide may pette, LFS-induced spine shrinkage was prevented (Figures 4A and 4C, 102 .5% Ϯ 2.3% at 45 min after LFS, enhance spine shrinkage induced by LFS with a shorter duration. We tested the effect of 10 min LFS on neurons n ϭ 9 neurons, 10 to 16 spines/neuron, total of 117 spines). In contrast, in neurons loaded with the cofilin loaded with the cofilin peptide. As a control, in inter-leaved experiments, neurons loaded with normal internal ulation site were not affected (Figures 1 and 2) . Second, the shrinkage depends on the frequency of stimuli. When solution were stimulated in the same manner. We found HFS was given, the spine size was increased rather than that spine shrinkage was indeed more pronounced in decreased (Figure 2 and Supplemental Figure S1 [http:// neurons loaded with the cofilin peptide (76.5% Ϯ 1.8% www.neuron.org/cgi/content/full/44/5/749/DC1/]). at 45 min after LFS, n ϭ 7 neurons, 12 to 19 spines/ Third, the LFS-induced spine shrinkage was reversed neurons, total of 107 spines) than in nonloaded neurons by subsequent HFS (Figure 2) , suggesting that the effect (88.1% Ϯ 2.4% at 45 min after LFS, n ϭ 7 neurons, total was not due to any deleterious effect caused by the of 10 to 16 spines/neurons, total of 96 spines; p Ͻ 0.01, recording, imaging, or stimulation procedures. Student's t test; Figures 4B and 4D in general shorter in length (Յ1 m) than filopodia (Ն2 m). Based Slices were incubated at 35ЊC for 30 min before being transferred on these criteria, spines constitute the major portion (Ͼ80%) of the to a holding chamber at room temperature. The ACSF for holding dendritic protrusions we have imaged. To measure the diameter of slices and recording/imaging experiments contained 127 mM NaCl, a spine head, each stack of images was projected to create a 2D 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 25 mM D-glucose, image. For mushroom and thin spines, the maximal width of the 2 mM CaCl 2 , and 1 mM MgCl 2 . Whole-cell patch recordings were head was taken as the spine size. For a stubby spine, the width of made using borosilicate glass capillaries (Harvard Apparatus) with a spine at halfway between the spine tip and base was taken as its a resistance of 10-12 M⍀ when filled with internal solution condiameter. Diameter measurements were performed using Image J taining 128 mM potassium gluconate, 10 mM NaCl, 10 mM Na-(NIH Image). To measure the volume and fluorescence intensity of HEPES, 0.5 mM EGTA, 2 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM NaGTP, the spine head, background fluorescence (at a region free of neuand 15 mM phosphocreatine (pH 7.3). To image spines, 1 mM calcein ronal structures) was subtracted from the images, and the outline was added to the internal solution. Neurons were kept in current of a spine head was manually drawn for mushroom and thin spines, clamp mode after whole-cell configuration was established. To actiand the two parameters were measured using MetaMorph analysis vate synaptic inputs locally, a glass pipette with a 3 m opening program (Universal Imaging). For stubby spines, the volume and was filled with ACSF and positioned ‫03-02ف‬ m away from the fluorescence intensity of the entire spine was measured. Measureimaged spines ( Figure 1A) . Stimulation strength was adjusted so ments were performed on all spines in the image field. All measurethat the evoked EPSPs recorded at the soma were between 2 and 5 ments were preformed twice, and the average was used in order to mV. Synaptic activation of spines within the vicinity of the stimulating minimize the error. For statistical analysis, we calculated for a given electrode was confirmed by fluorescent Ca 2ϩ imaging ( Figure 1B) . condition the average reduction in the spine diameter over a large Test stimuli were given every 20 s to monitor synaptic strength prior number of spines from each experiment on a single neuron (i.e., a to and after LTD induction. A train of 900 pulses at 1 Hz was used single slice), the mean reduction (ϮSEM) for a number of neurons to induce LTD. Not every imaging experiment was accompanied by was determined. The data obtained for the mean reduction (ϮSEM) a complete set of physiology data on LTD. In the case that LTD was was compared between two different experimental conditions, usnot monitored continuously, EPSPs were still recorded to ensure ing a Student's t test. that the initial amplitudes were between 2 and 5 mV. Only neurons In nonstimulated neurons, the diameter of most spines fluctuated with resting membrane potentials more negative than Ϫ65 mV were around the basal value. However, the fluctuation was less than 10% used, and experiments were terminated if a neuron's resting potenof the spine diameter (see Figure 2 and Supplemental Figure S4 tial was more depolarized than Ϫ55 mV. All experiments were per-[http://www.neuron.org/cgi/content/full/44/5/749/DC1/]). This 10% reformed at 32ЊC Ϯ 1ЊC. duction in spine diameter is close to the optical resolution of our Peptides with the sequence of MASGVAVSDGVIKVFN (cofilin pepsystem, thus changes less than 10% were not considered reliable. tide) or MAS(p)GVAVSDGVIKVFN (p-cofilin peptide) were syntheConsistent with this, we found that, when the reduction in spine sized and purified with HPLC and were dissolved in the internal diameter was Ͼ10%, 67% of them were persistent in the reduction solution to the final concentration of 0.5 mM. The patch pipette was (lasted for at least 30 min), whereas only 18% of those that tip-filled with 0.5 l normal internal solution and back-filled with exhibited Ͻ10% reduction were persistent. Therefore, we define internal solution containing peptide. For pharmacological experithat a spine head had undergone significant shrinkage when the ments, slices were incubated with FK506 (1 M, 1-3 hr) and CyA/ reduction in spine head diameter exceeded 10% and the reduction OA (1 M, 30-60 min) before they were transferred to the recording was stable for at least 30 min. chamber and perfused with normal ACSF. FK506 was a generous gift from Fujisawa Pharmaceutical Cooperation (Japan).
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